Factor VIII consists of a heavy chain (A1A2B domains) and light chain (A3C1C2 domains), whereas the contiguous A1A2 domains are separate subunits in the cofactor, factor VIIIa. The intrinsic instability of the cofactor results from weak affinity interactions of the A2 subunit within factor VIIIa. The charged residues Glu272, Asp519, Glu665, and Glu1984 appear buried at the interface of the A2 domain with either the A1 or A3 domain, and thus may impact protein stability. To determine the effects of these residues on procofactor/ cofactor stability, these residues were individually replaced with either Ala or Val, and stable BHK cell lines expressing the B-domainless proteins were prepared. Specific activity and thrombin generation parameters for 7 of the 8 variants were more than 80% the wild-type value. Factor VIII activity at 52°C to 60°C and the decay of factor VIIIa activity after thrombin activation were monitored. Six of the 7 variants showing wild-type-like activity demonstrated enhanced stability, with the Glu1984Val variant showing a 2-fold increase in thermostability and an approximately 4-to 8-fold increase in stability of factor VIIIa. These results indicate that replacement of buried charged residues is an effective alternative to covalent modification in increasing factor VIII (VIIIa) stability. (Blood. 2008;112:2761-2769)
Introduction
Factor VIII, a plasma protein that is decreased or defective in patients with hemophilia A, circulates as a noncovalent, metal ion-dependent heterodimer. This procofactor form of the protein consists of a heavy chain (HC) composed of A1(a1)A2(a2)B domains and a light chain (LC) composed of (a3)A3C1C2 domains, with the lower case "a" representing short (ϳ 30-40 residue) segments rich in acidic residues (for review, see Fay 1 ). Factor VIII is activated by proteolytic cleavages at the a1A2, a2B, and a3A3 junctions catalyzed by thrombin or factor Xa. The product of this reaction, factor VIIIa, is a heterotrimer composed of subunits designated A1, A2, and A3C1C2 that functions as a cofactor for the serine protease factor IXa in the membrane-dependent conversion of zymogen factor X to the serine protease, factor Xa (for review, see Fay 1 ) .
Reconstitution studies have shown that the factor VIII heterodimeric structure is supported by both electrostatic and hydrophobic interactions, 2, 3 and the interchain affinity is further strengthened by factor VIII binding von Willebrand factor. 2, 4 Metal ions also contribute to the interchain affinity and activity parameters. 5 Calcium is required to yield the active factor VIII conformation. Mutagenesis studies mapped a calcium-binding site to a segment rich in acidic residues within the A1 domain (residues 110-126) and identified specific residues within this region prominent in the coordination of the ion. 6 A recent intermediate resolution X-ray structure 7 confirmed this calcium-binding site as well as suggested a second potential site within the A2 domain. This structure also showed occupancy of the 2 type 1 copper ion sites within the A1 and A3 domains. Earlier functional studies have shown that copper ions facilitate the association of HC and LC to form the heterodimer, increasing the interchain affinity by several-fold at physiologic pH. [8] [9] [10] The instability of factor VIIIa results from weak electrostatic interactions between the A2 subunit and the A1/A3C1C2 dimer 8, 11 and leads to dampening of factor Xase activity. 12, 13 Limited information is available regarding the association of the A2 subunit in factor VIIIa, and residues in both the A1 and A3 domains appear to make contributions to the retention of this subunit. Several factor VIII point mutations have been shown to facilitate the dissociation of A2 relative to wild type (WT), and these residues localize to either the A1-A2 domain interface 14, 15 or the A2-A3 domain interface. 16 These factor VIII variants demonstrate a characteristic 1-stage/2-stage assay discrepancy, 17, 18 with significant reductions in activity values determined by the latter assay as a result of increased rates of A2 subunit dissociation.
Examination of the ceruloplasmin-based homology model for the A domains of factor VIII 19 suggests an extended interface between the A2 domain and the A1 and A3 domains with multiple potential contacts contributing to binding interactions. In a recent study, we examined hydrogen-bonding interactions at this interface after mutation of selected charged/polar residues spatially separated by less than 2.8 Å. 20 Approximately half of the residues examined showed loss of function as judged by increased rates of factor VIII decay at 55°C and/or rates for factor VIIIa decay relative to WT, suggesting that multiple residues at the A1A2 and A2A3 domain interfaces contribute to the stabilization of factor VIII. However, this model also predicts that several charged residues at the interface do not contribute to hydrogen-bonding interactions based on distance separations of more than 2.8 Å. As such, these residues may be destabilizing to factor VIII structure and/or may facilitate the dissociation of the A2 subunit after activation of the factor VIII procofactor. In this report, we individually mutated these charged residues to hydrophobic ones (Ala or Val) with the aim of increasing the buried hydrophobic area and reducing the buried hydrophilic area to enhance interdomain binding affinity. 21 Stability parameters were assessed after the activity of the factor VIII variants at elevated temperature and time courses for the decay of factor VIIIa activity resulting from A2 subunit dissociation. Results from these studies demonstrated that a number of mutations yielded increased stability parameters consistent with the elimination of destabilizing forces probably the result of buried charge at the A2 domain interface.
Methods

Reagents
Recombinant factor VIII (Kogenate) was a generous gift from Dr Lisa Regan of Bayer (Berkeley, CA). Phospholipid vesicles containing 20% phosphatidylcholine, 40% phosphatidylethanolamine, and 40% phosphatidylserine were prepared using octylglucoside as described previously. 22 The reagents ␣-thrombin, factor VIIa, factor IXa␤, factor X, and factor Xa (Enzyme Research Laboratories, South Bend, IN), hirudin, and phospholipids (DiaPharma, West Chester, OH), the chromogenic Xa substrate, Pefachrome Xa (Pefa-5523, CH 3 OCO-D-CHA-Gly-Arg-pNA⅐AcOH; Centerchem, Norwalk, CT), recombinant human tissue factor (rTF), Innovin (Dade Behring, Deerfield, IL), fluorogenic substrate, Z-Gly-Gly-Arg-AMC (Calbiochem, San Diego, CA), and thrombin calibrator (Diagnostica Stago, Parsippany, NJ) were purchased from the indicated vendors.
Construction, expression, and purification of WT and variant factor VIII
Ala and Val mutants at charged residues (Glu272, Asp519, Glu665, and Glu1984), and WT factor VIII forms were individually constructed as a B-domainless factor VIII, lacking residues Gln744-Ser1637 in the Bdomain. 23 The cloning and expression constructs were generous gifts from Dr Pete Lollar and John Healey. Recombinant WT and variant factor VIII forms were stably expressed in BHK cells and purified as described previously. 6 After transfection, there were no significant differences in the amounts of factor VIII secretion among the variants. Protein yields for the variants ranged from more than 10 to approximately 100 g from two 750-cm 2 culture flasks, with purity from approximately 85% to more than 95% as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The primary contaminant in the factor VIII preparations was albumin and at the concentrations present in the factor VIII showed no effect on stability of activity parameters. Factor VIII concentration was measured using an enzyme-linked immunosorbent assay (ELISA), and factor VIII activity was determined by a one-stage clotting assay and a 2-stage chromogenic factor Xa generation assay as described below in the so-named sections.
SDS-PAGE and Western blotting
Factor VIII proteins (0.77 g for gel staining and 0.34 g for Western blot) were electrophoresed on 8% polyacrylamide gel at constant voltage (100 V). Gels were stained with Gelcode Blue (Thermo Electron Corporation, Waltham, MA) or transferred to a polyvinylidene fluoride membrane and probed with biotinylated anti-A2 antibody (R8B12, Green Mountain Antibodies, Burlington, VT) followed by incubation with peroxidaseconjugated streptoavidin (Calbiochem). The chemifluorescence substrate (ECF substrate; GE Healthcare, Little Chalfont, United Kingdom) was reacted and the fluorescence signal scanned using a phosphoimager (Storm 860; GE Healthcare). The density of single chain factor VIII form (170 kDa) and heavy chain (HC, 90 kDa) were quantified using ImageQuant software (GE Healthcare), and the amount ratios were calculated.
ELISA
A sandwich ELISA was performed to measure the concentration of factor VIII proteins as previously described 24 using purified commercial recombinant factor VIII (Kogenate, Bayer) as a standard. Factor VIII capture used the anti-C2 antibody (ESH-8; American Diagnostica, Stamford, CT), and a biotinylated R8B12 antibody was used for factor VIII detection.
One-stage clotting assay
One-stage clotting assays were performed using substrate plasma chemically depleted of factor VIII 25 and assayed using a Diagnostica Stago clotting instrument. Plasma was incubated with activated partial thromboplastin time reagent (bioMérieux, Durham, NC) for 6 minutes at 37°C after which a dilution of factor VIII was added to the cuvette. After 1 minute, the mixture was recalcified, and clotting time was determined and compared with a pooled normal plasma standard.
Two-stage chromogenic factor Xa generation assay
The rate of conversion of factor X to factor Xa was monitored in a purified system 26 according to methods previously described. 5, 27 Factor VIII (1 nM) in buffer containing 20 mM N-[2-hydroxyethyl]piperazine-NЈ-[2-ethanesulfonic acid] (HEPES), pH 7.2, 0.1 M NaCl, 0.01% Tween 20, 0.01% bovine serum albumin (BSA), 5 mM CaCl 2 , and 10 M phosphatidylserine/ phosphatidylcholine/phosphatidylethanolamine (PSPCPE) vesicles (buffer A) was activated with 20 nM ␣-thrombin for 1 minute. The reaction was stopped by adding hirudin (10 U/mL), and the resulting factor VIIIa was reacted with factor IXa (40 nM) for 1 minute. Factor X (300 nM) was added to initiate reactions, which were quenched after 1 minute by the addition of 50 mM ethylenediaminetetraacetic acid. Factor Xa generated was determined after reaction with the chromogenic substrate Pefachrome Xa (0.46 mM final concentration). All reactions were run at 23°C.
Thrombin generation assay
The amount of thrombin generated in plasma was measured by calibrated automated thrombography. 28, 29 In a 96-well plate, 80 L factor VIIIdeficient plasma (Ͻ 1% residual activity, platelet-poor) from a patient with severe hemophilia A lacking factor VIII inhibitor (George King BioMedical, Overland Park, KS) was mixed with factor VIII samples (20 L; 6 nM) in HEPES-BSA buffer (20 mM HEPES, pH 7.35, 0.15 M NaCl, 6% BSA) containing 3 pM rTF (the concentration of rTF stock was determined by factor Xa generation assay using known concentrations of factor VIIa), PSPCPE vesicles (24 M), or 20 L thrombin calibrator (630 nM), and reactions were immediately started by mixing with 20 L fluorogenic substrate (2.5 mM, Z-Gly-Gly-Arg-AMC) in HEPES-BSA buffer, including 0.1 M CaCl 2 . All reagents were prewarmed at 37°C. Final concentrations of reagents were 1 nM (factor VIII), 0.5 pM (rTF), 4 M (PSPCPE vesicles), 433 M (fluorogenic substrate), 13.3 mM CalCl 2 , and 105 nM (thrombin calibrator). The development of a fluorescent signal at 37°C was monitored at 8-second intervals using a microplate fluorometer (SpectraMax Gemini; MDS Analytical Technologies, Sunnyvale, CA) with a 355 nm (excitation)/460 nm (emission) filter set. Fluorescent signals were corrected by the reference signal from the thrombin calibrator samples, 28 and actual thrombin generation (in nM) was calculated as previously described. 29 Factor VIII activity at elevated temperature WT factor VIII or factor VIII variants (4 nM) in buffer A were incubated at 52°C to 60°C. Aliquots were removed at the indicated times, and residual factor VIII activity was determined using a 2-stage chromogenic factor Xa generation assay.
Factor VIIIa activity time course
WT and mutant factor VIII (4 nM) in buffer A containing 10 M PSPCPE vesicles were activated by 20 nM of thrombin for 1 minute at 23°C. Reactions were immediately quenched by hirudin (10 U/mL), aliquots removed at the indicated times, and activity determined using the factor Xa generation assay after addition of factor IXa (40 nM) and factor X (300 nM). For decay measurements run in the presence of factor IXa, factor IXa (40 nM) was added to reactions before thrombin addition.
Factor VIII stability in plasma
WT or variant factor VIII (1 nM) was added to factor VIII-deficient plasma (Ͻ 1% residual activity) from a patient with severe hemophilia A lacking factor VIII inhibitor (George King Bio-Medical). Plasma was supplemented with 0.02% NaN 3 to prevent the growth of microorganisms, and samples were incubated at 37°C. Aliquots were removed at the indicated times, and residual activity was determined by a one-stage clotting assay.
Data analysis
Factor VIIIa activity values as a function of time were fitted to a single exponential decay curve by nonlinear least squares regression using the equation,
AϭA 0 ϫe
Ϫkt where A is residual factor VIIIa activity (nM/min/nM factor VIII), A 0 is the initial activity, k is the apparent rate constant, and t is the time (minutes) of reaction of either factor VIII at elevated temperature (for factor VIII decay experiments) or after thrombin activation was quenched (for factor VIIIa decay measurements). Nonlinear least-squares regression analysis was performed using Kaleidagraph (Abelbeck/Synergy, Reading, PA). Comparison of average values was performed by the Student t test. The factor VIII A domain-modeled structure 19 was analyzed using Swiss PDB Viewer to identify charged residues that were located at the A2 domain interface and showed little potential for hydrogen bonding interactions based on a threshold of more than 2.8 Å separating the polar atoms of the complementary domains. 30 
Results
Identification of target residues and generation of point mutants
Using the ceruloplasmin-based homology model 19 for the A domains of factor VIII, we identified 4 charged residues, Glu272, Asp519, Glu665, and Glu1984, that appeared to be buried at the interface of the A2 domain with either the A1 domain (Glu272 and Asp519) or the A3 domain (Glu665, and Glu1984), which in addition, did not appear to contribute to H-bonding interactions based on spatial separations of more than 2.8 Å with potential bonding neighbors. These residues were mutated to either Ala or Val to eliminate charge as well as provide for potential hydrophobic interactions with similar side chains from other buried residues. Factor VIII variants were prepared as B-domainless factor VIII in stable-expressing BHK cell lines.
Factor VIII is expressed as a mixture of single chain and heterodimer forms (Figure 1 ). Protein purity ranged from approximately 85% to more than 95% as judged by SDS-PAGE ( Figure  1A ). Western blotting using an anti-A2 domain antibody was used to quantitate the stoichiometry of the single chain and heterodimer forms ( Figure 1B ). This value was near unity for WT and was somewhat lower and variable for the factor VIII variants.
Purified proteins were assessed for specific activity using both 1-and 2-stage assays ( Figure 2A ) and thrombin generation parameters ( Figure 2B-D) . All but the Glu272Ala variant yielded specific activity values that were at least 80% that of WT, suggesting the remaining mutations had little if any effect on factor VIII cofactor function. Thrombin generation performed at low rTF concentration (0.5 pM) and a physiologic concentration (1 nM) factor VIII yielded results that paralleled the specific activity values. Parameter values shown in Figure 2D indicated the peak value and endogenous thrombin potential (ETP) for the Glu272Ala were reduced compared with WT, whereas all other parameter values for the remaining variants ranged from more than 80% to 110% the WT value.
Thermostability of factor VIII variants
The purified factor VIII mutant proteins were assessed for stability at elevated temperatures as judged by rates of activity loss. Factor VIII (4 nM) was incubated at 52°C to 60°C and at the indicated times an aliquot was removed, cooled to room temperature, reacted with thrombin, and residual cofactor activity was measured using a factor Xa generation assay. Results shown in Figure 3A illustrate the time course for activity decay of the factor VIII WT and variants at 55°C. This temperature was chosen based on an earlier study 3 showing near-complete activity loss within 1 hour for WT factor VIII. The WT protein lost 50% activity in approximately 15 minutes. We observed that the Glu272Ala and ϪVal variants displayed reduced stability as judged by somewhat faster activity decay, and this property may be related to the reduced specific activities observed for mutations at this site. On the other hand, Ala and Val replacements for Asp519, Glu665, and Glu1984 all showed improved stability at the elevated temperature with variants possessing mutations at the 2 former sites retaining 50% activity through approximately 20 to 25 minutes, whereas mutations at the latter site yielded variants that maintained this activity level through more than 30 minutes. Comparison of the decay rate values from the fitted curves (Table 1) indicated that factor VIII thermal stability was improved approximately 2-fold for the Glu1984 variants relative to WT with mutation to Val appearing somewhat preferred to Ala. 
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Results assessing a range of temperatures ( Figure 3B ) indicated that both the Ala and Val variants of Asp519, Glu665, and Glu1984 consistently showed reductions of decay rate up to 2-fold compared with WT at all temperatures tested. However, the presence of both single-chain and heterodimer forms in somewhat various ratios may impact these decay rate results should one form show greater stability. A control experiment using Kogenate factor VIII, which is essentially all in the heterodimer form, 5 yielded decay rates that were approximately 2-fold that of WT ( Figure 3B) , consistent with the heterodimer form showing less stability to elevated temperature than single-chain factor VIII. Thus, the decay rates measured are apparent because of heterogeneity of single-chain and 2-chain content in the various factor VIII forms. However, given that all the variants possessed less relative single-chain factor VIII compared with the WT (Figure 1B ), these data indicated that decay rate values for these variants underestimate the increase in stability between the mutants and WT.
Factor VIII stability in plasma at 37°C
To test the effects of the mutations on factor VIII stability under more native conditions, we incubated a near physiologic concentration of the proteins (1 nM) in (anticoagulated) factor VIII-deficient plasma from a hemophilia A patient free from factor VIII inhibitor activity at 37°C for up to 4 days. Residual factor VIII was assayed daily using a one-stage clotting assay. Activity of the WT factor VIII was reduced to approximately 50% after 2 days as was that of the Asp519Val variant, whereas the Glu665Ala variant showed a modest (ϳ 15%) reduction in the rate of activity decay ( Figure 4 ; Table 1 ). However, the activity values for the Asp519Ala, Glu665Val, and both Glu1984 variants were more than or equal to 50% the initial value at day 4. The results obtained from the plasma incubation, in large part, parallel those from the incubations performed at elevated temperature with the Glu665Val variant and the 2 Glu1984 variants demonstrating significant increases in stability under the 2 reaction conditions as judged by retention of function. Whereas both Asp519 variants showed improved stability at elevated temperature, only the Ala variant showed improvement in the plasma assay.
Factor VIIIa decay rates
These results indicate that mutations consistent with replacing buried charged residues with hydrophobic residues in general yielded factor VIII protein showing enhanced stability. Because these mutations are at or near the interface of the A2 domain with A1 or A3, we predicted they could positively impact the lability of factor VIIIa by reducing rates for dissociation of the A2 subunit. For personal use only. on July 15, 2017. by guest www.bloodjournal.org From
We assessed rates of loss of factor VIIIa activity resulting from this mechanism under 2 conditions. In the first, the WT and factor VIII variants were activated with thrombin and at indicated times the remaining cofactor activity was determined after addition of factor IXa and factor X and monitoring rates of factor Xa generation. In the second method, the assay described herein was modified to include addition of factor IXa before factor VIII activation to allow for immediate formation of factor Xase. Incorporation of factor VIIIa in the factor Xase complex has been shown to partially stabilize cofactor activity by reducing its decay rate as much as 10-fold by a mechanism consistent with factor IXa tethering the A2 and A3C1C2 subunits with Xase. 13 Results obtained in the absence and presence of added factor IXa are shown in Figure 5A and 5B, respectively. In the absence of factor IXa, WT factor VIIIa lost 50% of its activity in approximately 8 minutes ( Figure 5A ), whereas this level of activity persisted for approximately 40 minutes when factor IXa was included during factor VIII activation ( Figure 5B ). Decay rate values are shown in Table 1 and indicate a more than 5-fold stabilization of cofactor activity by formation of factor Xase. Evaluation of the variants revealed that both Glu272Ala and ϪVal forms possessed 2-and 3-fold increased rates of decay, respectively, in the absence of factor IXa compared with the WT control. These results suggested a weakened intersubunit affinity with either mutation, possibly the result of loss of a relatively weak affinity bonding interaction involving the acidic side chain. In the presence of factor IXa, decay rates for the 2 variants were essentially indistinguishable from that of WT, suggesting that inclusion of factor IXa eliminated any detrimental interaction generated by the mutations at this residue.
Mutations at the other 3 sites (Asp519, Glu665, and Glu1984) all resulted in reductions in factor VIIIa decay rates with the degree of reduction variable depending on the specific residue changed and in one case, the replacement residue. Mutations at Asp519 yielded approximately 30% reductions in decay rates that were similar for both the Ala and Val variants when factor IXa was absent. Rates for activity decay of these variants were decreased more than 2-fold in the presence of factor IXa, suggesting a synergy of the mutations with the stabilizing effects of binding the enzyme. Whereas the Glu665Ala variant showed similar values to the 2 Asp519 variants, the Glu665Val variant showed 5-fold and 3-fold reductions in decay rates in the absence and presence of factor IXa, respectively, suggesting that replacement with the larger hydrophobic residue yielded a more favorable interaction with neighboring residues for A2 subunit retention. Finally, both Glu1984 variants showed approximately 4-fold reductions in factor VIIIa decay compared with WT in the absence of factor IXa, and 5-to 8-fold reductions when factor IXa was present. The significance of this enhanced stability is observed in Figure 5B , which shows more than 90% factor VIIIa activity remaining after 40 minutes in factor Xase composed of either Glu1984 variant. The similarity in responses with either Ala or Val at Glu1984 suggested that both residues were well tolerated with perhaps a slightly stronger intersubunit affinity achieved in the presence of Val. Overall, these results demonstrate significant enhancement in factor VIIIa stability resulting from improved A2 subunit retention after selective replacement of charged with hydrophobic residues.
Discussion
In the current study, we show that substitution of selected charged residues with hydrophobic ones at sites predicted to interface the A2 domain resulted in a variable, but general, increase in the stability of factor VIII. This stability was assessed after activity retention at elevated temperature as well as by reduction in the rate of A2 subunit dissociation in the cofactor. The rationale for this study was based, in large part, on results obtained in our recent analysis of 30 residues localized to the factor VIII A2 domain interface that, based on spatial separations of less than 2.8 Å, could potentially form hydrogenbonding partners. 20 In that study, charged/polar residues were mutated to Ala (or Phe for Tyr residues), recombinant proteins stably expressed and rates of loss of activity were measured using similar methods to those used in the present study. Factor VIII (4 nM) was incubated at various temperatures (52°C-60°C); and at the indicated times, aliquots were removed and assayed for activity by factor Xa generation assays. Data were fitted by nonlinear least squares regression, and decay rates were obtained. Each point represents the value averaged from 3 separate determinations. Results are shown for WT (ۙ, ϫ), Glu272Ala (e), Glu272Val (f), Asp519Ala (⅜), Asp519Val (ⅷ), Glu665Ala (‚), Glu665Val (OE), Glu1984Ala (᭛), Glu1984Val (᭜), and full-length Kogenate factor VIII ( ). (A) Representative factor VIII decay curves after 55°C incubation. (B) Plots of factor VIII decay rate at various temperatures. (Inset) Magnified view of the decay results incubated at 52°C to 55°C.
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Fourteen of the 30 residues examined showed more than 2-fold increases in rates of factor VIII decay at 55°C and/or rates for factor VIIIa decay relative to WT, suggesting that multiple residues at the A1A2 and A2A3 domain interfaces contribute to the stabilization of factor VIII. Interestingly, 2 acidic residues that were examined in that earlier study, Asp302 and Glu287, yielded modest (Ͻ 2-fold) enhancement in stability in both the procofactor and active cofactor forms when mutated to Ala. These results suggested that these acidic side chains did not contribute to stabilizing hydrogen-bonding interactions but rather were somewhat detrimental to factor VIII structure as assessed by functional stability.
The present paper focuses on creating novel hydrophobic interactions to produce a gain of function. The 4 acidic residues examined in the present study are conserved in human, canine, porcine, mouse, rabbit, and bat factor VIII, whereas Glu665 is Ala and Glu1984 is Thr in rat factor VIII. 31 We now show that 3 of these residues (Asp519, Glu665, and Glu1984), when replaced with Ala and/or Val, resulted in enhancements in protein stability. Only one acidic residue evaluated yielded results that were detrimental to activity when mutated. Mutation at Glu272 to Ala yielded a low specific activity factor VIII form with reduced thrombin generation parameters values, and both Ala and Val replacements possessed moderately decreased thermostability and 2-to 3-fold higher rates of A2 subunit dissociation in the cofactor form compared with WT. From these observations, we suggest that Glu272 may indeed participate in bonding interaction(s) with neighboring residues, and subsequent mutations at this site disrupt these interactions. This conclusion is consistent with examination of the hemophilia A database 32, 33 that lists Lys (charge reversal) or Gly (small side chain) at position 272 as a moderate/mild phenotype with reduced factor VIII antigen. The latter observation is consistent with the mutations yielding increased plasma instability. However, we noted no significant effects on levels of expression in cell culture after mutations at this site to Ala or Val. Conversely, no mutations at Asp519, Glu665, and Glu1984 are listed in the database. Proteins tend to fold so that the charged or polar moieties remain solvent exposed whereas hydrophobic groups are buried. 34 Therefore, based on the observed gain-of-function mutations at Asp519, Glu665, and Glu1984 when these residues are replaced with hydrophobic ones, we speculate that these charged residues are buried at the A2 domain interfaces. Furthermore, these results suggest that these acidic residues do not contribute to electrostatic bonding interactions and are probably destabilizing to protein structure and/or subunit interactions.
We used mutagenesis using either Ala or Val to replace the charged acidic residues. Because both residues are hydrophobic, they would tend to stabilize other hydrophobic contacts at the interface. Furthermore, the Val side chain is larger than Ala, so comparison of effects on activity after replacement at a given site may offer some insights into residue packing and volume at that site. For example, we observed that replacement of Glu1984 with either residue yielded similar results, suggesting that both were well tolerated at that site, whereas Glu665Val showed a 3-fold reduced factor VIIIa decay rate compared with Glu665Ala, suggesting the larger volume side chain of Val was better tolerated in the putative hydrophobic binding pocket.
Overall, the results of this study as well as our prior evaluation of hydrogen bonding interactions 20 contribute to our understanding of factor VIII A domain structure, which is limited to models derived from homology with a high resolution structure for ceruloplasmin 19 and from a recent, intermediate . Activity decay of factor VIII in plasma at 37°C. Factor VIII (1 nM) was incubated at 37°C in factor VIII-deficient plasma and at the indicated times aliquots were removed and assayed using the one-stage clotting assays. Results are shown for WT (ۙ, ϫ), Asp519Ala (⅜), Asp519Val (ⅷ), Glu665Ala (‚), Glu665Val (OE), Glu1984Ala (᭛), and Glu1984Val (ࡗ). Data were fitted by nonlinear least squares regression, and each point represents the value averaged from 3 separate determinations.
resolution structure (3.75 Å) of human factor VIII. 7 Whereas the latter structure does not allow for assignments of hydrogen bonding interactions (Ͻ 2.8 Å), the authors of that study indicate that the A domains of factor VIII can be superimposed onto those of ceruloplasmin with a high degree of accuracy. The ceruloplasmin model suggests that Asp302 and Glu287 could contribute hydrogen bonding interactions, whereas our recent stability studies 20 suggest these acidic side chains are buried in a hydrophobic environment. Conversely, results from the present study suggest that Glu272 probably contributes a hydrogen bonding interaction at the A2 domain interface because loss of this charge reduces factor VIII (VIIIa) stability. The remaining 3 acidic residues we evaluated in this report appear to be buried at the interface as predicted by the model, in that no polar atom from a neighboring residue on a complementary domain appears to localize near the carboxylic groups of these residues ( Figure  6 ). Rather, we note that these moieties appear to be proximal with hydrophobic groups. (Figure 6 ). Factor VIII variants demonstrating enhanced stability and reduced rates of cofactor activity decay represent positive attributes for a therapeutic preparation. The former property could allow for increased yields of active protein during its purification and formulation, resulting in overall higher specific activity values. These reagents may also possess a longer circulating half-life relative to WT, exclusive of various cellular clearance mechanisms. Two groups have reported on factor VIII variants where cofactor activity has been stabilized by reducing/ eliminating the rate of A2 subunit dissociation. In both cases, mutations were used to covalently link the A2 domain to other regions of the molecule. In one case, an inactivation-resistant factor VIII was prepared by linking the A2 domain to a segment of B-domain contiguous with the A3C1C2 domains and lacking thrombin cleavage sites that would release either the A2 domain or B-domain fragment after procofactor activation. 35 In a second case, selected residues in the A3 and A2 domains that were in close proximity were replaced with Cys residues so as to form disulfide bridges between the 2 domains such that A2 would remain covalent with A3 after thrombin activation. 36, 37 The latter mutants also demonstrated augmented activity in thrombin generation assays, although the reaction conditions used in these studies used a sub-physiologic (Ͻ 0.5 nM) concentration of factor VIII. Our results using a physiologic factor VIII level (1 nM) showed little difference between WT and the variants demonstrating higher stability, although the Glu272Ala yielded reduced thrombin generation parameters consistent with its lower specific activity. The failure to observe a significant difference with the high stability variants may reflect differences in reaction conditions and/or that these mutations do not covalently bridge the A2 domain and the rates for factor VIIIa decay are not sufficiently reduced.
Results in the current study demonstrate several-fold decreases in rates for cofactor inactivation after single point mutations to convert acidic residues to hydrophobic ones. In contrast to the mutations yielding covalent alterations, the mutations reported in the present study occur at interfaces where the altered residues are probably buried and not surface exposed, and do not alter covalent interactions within the protein. Furthermore, preliminary results show that activated protein C-catalyzed cleavages at Arg336 and Arg562 in the cofactor forms of the Glu1984Val and ϪAla variants occur at similar rates as observed for the WT cofactor (J.D. and P.J.F., unpublished observations, February 11, 2008) , suggesting that down-regulation of these higher stability variants would proceed via the protein C pathway. Work is in progress to assess combinations of the point mutations described in this report to Figure 5 . Activity decay of WT and mutant factor VIIIa in the absence and presence of factor IXa. (A) Thrombin-activated factor VIIIa (4 nM) was incubated at 23°C, aliquots were taken at indicated time points, and activity was measured by factor Xa generation assay. (B) Activity decay of WT and mutant factor VIIIa in the presence of factor IXa. Factor VIII (4 nM) was activated with thrombin in the presence of 40 nM factor IXa, aliquots were taken at indicated time points, and activity was measured by factor Xa generation assay. Results are shown for WT (ۙ, ϫ), Glu272Ala (Ⅺ), Glu272Val (f), Asp519Ala (⅜), Asp519Val (ⅷ), Glu665Ala (‚), Glu665Val (OE), Glu1984Ala (᭛), and Glu1984Val (ࡗ). Data were fitted by nonlinear least squares regression, and each point represents the value averaged from 3 separate determinations.
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